The primate visual system consists of at least two processing streams, one passing ventrally into temporal cortex that is responsible for object vision, and the other running dorsally into parietal cortex that is responsible for spatial vision. How information from these two streams is combined for perception and action is not understood. Visually guided eye movements require information about both feature identity and location, so we investigated the topographic organization of visual cortex connections with frontal eye field (FEF), the final stage of cortical processing for saccadic eye movements.
Multiple anatomical tracers were placed either in parietal and temporal cortex or in different parts of FEF in individual macaque monkeys. (Ungerleider and Mishkin, 1982; Morel and Bullier, IWO; Baizer et al., I99 I ; Young, 1992) . How information from the various cortical areas is combined to generate perception and action is not known. The investigation of visually guided eye movements may be a domain in which this issue can be examined effectively because information about both object identity and spatial location must be combined to produce accurate eye movements. During natural viewing, saccades of less than IO" amplitude, which are by far the most common (Bahill et al., 1975) , direct gaze to conspicuous and informative features in the scene (reviewed by Viviani, 1990; Rayner, 1992) . Thus, both object vision and spatial vision are needed for these saccades. Larger amplitude saccades, however, being guided less by object recognition processes because of reduced peripheral visual acuity, are involved in orienting responses to peripheral visual as well as to acoustic stimuli and therefore are more closely related to spatial vision. This study examined the pattern of connections of frontal eye field (FEF) and surrounding prefrontal cortex with extrastriate visual areas and other postcentral cortical areas because FEF represents a final stage of cortical processing for visually guided, purposive saccades (Bruce and Goldberg, 1985: Segraves and Goldberg, 1987; Schall, 1991 b; Dassonville et al., 1992; Segraves, 1992) .
A number of studies have investigated FEF connectivity (reviewed by Leichnetz and Goldberg, 1988) . This study departs from previous work in several ways. First. two or three tracers were injected simultaneously in the same animal. The tracers were placed either within functionally distinct areas-posterior parietal and inferior temporal cortex-or within different zones of one functionally identified area-the frontal eye tield. This method makes it possible for the first time to examine directly the convergence and segregation of visual processing streams in frontal cortex. Second, the description of architectonic and functional areas in prearcuate cortex (Bruce et al., 1985; Stanton et al., 1989: Preuss and Goldman-Rakic, 1991) and in extrastriate visual cortex has become more refined (reviewed by Colby and Duhamel, 1991; Fellernan and Van Essen, 1991) . The locations of tracer injections and the spatial distribution of labeled terminals and neurons were analyzed in relation to these improved architectonic descriptions. Finally, prearcuate cortex has a rough retinotopic organization of saccade amplitude and visual tield eccentricity. Shorter saccades are generated by lateral FEE and longer saccades, by medial FEF (Robinson and Fuchs, 1969; Bruce et al., 1985) . Also, the receptive fields of visual cells in lateral prearcuate cortex represent the central visual tield. and dorsomedial cells, the peripheral visual tield (Suzuki and Azu- ma, 1983 Preliminary reports of these data have appeared (Morel and Bullier, 1987; Schall et al., 1991 Schall et al., , 1993a (Huerta et al., 1987; Morel and Bullier, 1990; Schall et al., 1993b et al., 1986; Newsome et al., 1986; Van Essen et al., 1986; Gattass et al., 1988 1984; Gattas et al., 1988) . The dorsal prelunate gyrus was assigned to area DP, which has been distinguished from V4 in terms of retinotopic organization and cortical connections (Maguire and Baizer, 1984; Gattass et al., 1988; Andersen et al., 199Oa FEF responsible for generating larger saccades is interconnected with the parietal but not temporal lobe.
In case AM2, distinct anterograde tracers were injected into the lateral bank of the intraparietal sulcus and into the surface of the inferior temporal gyrus at the boundary between areas TEO and caudal TE. Figure 2 shows the distribution of the terminal label in a flattened reconstruction of the cortex surrounding the arcuate and principal sulci. Terminal labeling from the parietal cortex injection was much more extensive than that issued by the temporal cortex injection. The LIP injection yielded terminal label in areas 8Ac, 4Sa, and 45b in the rostra1 bank of the arcuate sulcus in addition to label in area 8Ar on the prearcuate convexity, in area 12 ventral to the principal sulcus. and in a caudal, ventral portion of area 46 in the principal sulcus. Label from the LIP injection was also found in area 6, in the dorsal caudal bank of the arcuate sulcus. Terminal label from the injection in TEO and caudal TE was much more limited, A band of terminal label was observed in area 45a that continued into area 12. The band of label overlapped almost completely with the label from the LIP injection. Isolated zones of innervation from TEO and caudal TE were also observed in ventral area 46 in the principal sulcus.
Photomicrographs from a zone of overlap of orthograde label from the parietal and temporal cortex injections in the inferior limb of the arcuate sulcus are shown in Figure 3 . The label from a restricted injection in LIP was broadly distributed but concentrated in two clusters: one near the fundus and another at the lip of the sulcus. The terminal label occupied layer 4 but extended into supra-and infragranular layers near the lip and into the infragranular layers near the fundus. The label from TEO was found throughout the bank but with two concentrated zones. The terminal label was located in layer 4 but also in the supragranular layers. The terminal label from the temporal lobe injection overlapped that from the parietal lobe injection fully near the fundus and partially near the lip of the sulcus. Thus, axons from both posterior parietal and inferior temporal cortex terminate within the same local zones of prearcuate cortex.
The pattern of feedback projections from frontal cortex to posterior parietal and inferior temporal cortex was investigated in three cases. The locations of the injections in parietal and temporal cortex are shown in Figure 4 in flattened two-dimensional reconstructions. Figures showing the location of the injections in brain sections are in Morel and Bullier (1990) . In case AMl, one tracer was injected into the lateral bank of the intraparietal sulcus occupying most of LIPd and the dorsal half of LIPv, and a relatively large injection of a different tracer was made on the surface of the inferior temporal gyms, including rostra1 TEO and caudal TEm and TE3. In case AM4, the parietal Regions of dense label from the injection in LIP are indicated by the solid gray l i ne in the coronal sections and by the injection occupied much of LIPd, dorsal LIPv, and invaded 7a; the temporal injection was confined to TEO on the convexity of the inferior temporal gyrus. In case AM8, three tracer injections were made; one filled rostra1 LIPd and dorsal LIPv, another was made into area 7a on the convexity of the inferior parietal lobule, and a smaller injection of a the third tracer, was placed in posterior TE.
The distribution of retrogradely labeled neurons in prearcuate frontal cortex observed in case AM1 is illustrated in a twodimensional reconstruction in Figure 5 . The injection in inferior temporal cortex was relatively large, corresponding in size and location to the orthograde tracer injection in case AM2. Accordingly, the general pattern of distribution of the retrogradely labeled neurons in frontal cortex was very similar to the pattern of terminal label observed in that case. A high density of neurons labeled by the injection of DY in area LIP were found in areas 8Ac, 45a, and 45b in the rostra1 bank of the arcuate sulcus.
As observed in the previous anterograde label case, the distribution of parietal lobe connections appears to be interrupted in the arcuate sulcus caudal to the principal sulcus. A somewhat lower density of cells labeled by the parietal injection was found in area 8Ar on the prearcuate convexity. A large number of neurons labeled by the LIP injection were found on both banks of caudal principal sulcus in area 46. A limited number of neurons labeled from the LIP injection were found in area 12, ventral to the principal sulcus, in area 6 in the caudal bank of the dorsal limb of the arcuate sulcus, and in area 8B at the tip of the dorsal limb of the arcuate sulcus. In the representative individual sections shown in the second part of Figure 5 , neurons labeled by the LIP injection of DY are also seen in orbitofrontal cortex, on the dorsomedial convexity in the supplementary eye field, and in area 24 of the cingulate gyrus. The serial sections also demonstrate that labeled neurons were observed in supraand infragranular layers. In case AM 1, fewer neurons were labeled in prearcuate cortex by the injection in TEO and caudal TE as compared to the number and spatial extent of neurons labeled by the tracer injection in LIP. The labeled neurons were found in upper and lower cortical layers in a limited region in areas 45a and 45b in the rostra1 bank of the inferior limb of the arcuate sulcus. Clusters of neurons labeled by the temporal lobe injection were also found in ventral area 8Ar, ventral area 46 in the principal sulcus, and in area 12. Also of note, no labeled neurons were observed in SEE and very few were in area 24. In spite of the large degree of overlap in the spatial distribution of neurons labeled by the injections in the two cortical regions, we observed few doublelabeled neurons (< 7%).
In case AM4, one tracer was injected in the lateral bank of the intraparietal sulcus and another in the inferior temporal gyms (Fig. 4) . The distribution of neurons labeled by the injection in LIPd and dorsal LIPv was generally the same as that observed in the previous case (Fig. 6) . Ventrolaterally, there were two foci of label, the larger concentrated in area 45b, and the smaller, in area 45a. Dorsomedially, there was a large area of label extending from postarcuate area 6D through areas 8Ac and 8Ar, branching into area 8B and into area 46 in the principal sulcus. In the individual sections, neurons labeled by the parietal injection are also evident in the orbital sulcus, in cingulate cortex and in the SEE In contrast to case AMl, the inferior temporal lobe injection in AM4 was smaller and restricted to dorsal area TEO. In this monkey, neurons were labeled in a restricted ventrolateral focus in area 45a and a small zone in lateral 8Ac. The neurons in area 8Ac labeled by the TEO injection partially overlapped regions of neurons labeled from the LIP injection. The ventrolateral neurons labeled from TEO covered more of area 45a than did the neurons labeled from LIP: Neurons from the injection in TEO were not found in area 12 ventrally nor in the SEF dorsally. Neurons labeled by both injections were found in upper and lower cortical layers. The pattern of label from injections restricted to area TEO was similar in another monkey (not shown).
The lateral bank of the intraparietal sulcus is functionally and anatomically distinguishable from the convexity of the inferior parietal lobule (e.g., Andersen et al., 1990a,b) . To provide more information about the relative connectivity of these regions in comparison to inferior temporal cortex with frontal cortex, three tracers were used in case AM8 (Fig. 4) . One was injected into LlPd and dorsal LlPv; another was injected into the convexity of the inferior parietal lobule in area 7a. A third tracer was injected into the inferior temporal gyms (Fig. 7) . The distribution of neurons labeled by the LIP injection in prearcuate cortex in this case was generally similar to that observed in the other cases except that no interruption was observed in the dispersion of neurons within the rostra1 bank of the arcuate sulcus. We speculate that this more complete labeling may be attributed to the fact that the tracer injection extended further toward the fundus of the intraparietal sulcus in this case, thus involving more of LlPv (see below). Neurons labeled by the LIP injection were found over a broad region extending from postarcuate area 6 into area 8Ac medially and areas 45b and 45a laterally. A band of labeled cells passed through area 8Ar into caudal area 46 in and ventral to the principal sulcus. An island of labeled neurons was also observed in area 8B. In the coronal sections, neurons labeled from LIP are also found in orbitofrontal cortex, in cingulate cortex area 24, and in SEF as well as in the rostrally adjacent area 9.
Neurons labeled from the injection in area 7a were dispersed around the arcuate and principal sulci and were found in upper and lower cortical layers. Two clusters of neurons were observed in the caudal bank and convexity of the arcuate sulcus in area 6; these groups of neurons only partially overlapped the neurons labeled by the injection into area LIP A small cluster of cells labeled from 7a was observed in area 45b and another in area 45a; these neurons were in the same region as the neurons labeled from LIP Another group of neurons labeled by the 7a injection was found at the limit of the upper limb of the arcuate sulcus, in dorsomedial area 8Ar; this group of neurons partially overlapped that distribution of neurons labeled from LIP. A band of labeled neurons was found in the ventral bank of the principal sulcus, at the ventrolateral limit of the neurons in area 46 labeled by LIP injection. A small collection of labeled neurons was also observed in area 12. In the coronal sections, a few neurons labeled from 7a may also be seen in both the dorsal and ventral banks of the cingulate sulcus and on the mesial surface as well as in orbitofrontal cortex.
The tracer injection in inferior temporal cortex in this case differed from that in the previous cases by being smaller and located further rostra1 in dorsal area TE. A dense collection of neurons labeled by this injection was observed in areas 45a and 45b that almost entirely overlapped with cells labeled by the injection into LIP. In contrast to the previous case, cells labeled by the temporal lobe injection were also found further rostra1 in areas 46 and 12. One group of labeled neurons in caudal area 12 overlapped the zone labeled by the injection in area 7a. Another large cluster of neurons labeled from TE was located in caudal area 46, ventral to the tip of the principal sulcus; this group was intermingled with neurons labeled from the LIP in-jection. Two other small islands of neurons connected with temporal lobes were found in ventral area 46 in the principal sulcus; these groups overlapped largely but not entirely the neurons labeled from LIT! In the coronal sections, neurons labeled from temporal lobe were seen in orbital cortex but not in SEF or area 24. To summarize the connectivity of arcuate cortex with posterior parietal and inferior temporal cortex, area LIP is interconnected with a large part of prearcuate cortex extending from the caudal bank of the arcuate sulcus into the caudal portion of the principal sulcus. Area TEO is connected with a limited part of the rostra1 bank of the ventrolateral arcuate sulcus. Caudal area TE is also connected with the rostra1 bank of the ventrolateral arcuate sulcus but is also connected with parts of caudal area I2 and 46. Tracer injections placed further rostra1 in area TE did not label neurons in area 45, but did label cells in areas 12 and 46 (data not illustrated from the left hemisphere of case AM2 and from case AM9, Morel and Bullier, 1990) . Finally, area 7a is more diffusely connected with the cortex surrounding the arcuate sulcus. To explore the pattern of connectivity of prearcuate cortex in more detail, injections of multiple tracers were placed in the rostra1 bank of the arcuate sulcus in three additional monkeys.
Locations of injections in prearcuate cortex
The three cases in which tracers were injected into the rostra1 bank of the arcuate sulcus differed in the location of the injections relative to one another and to the cytoarchitectural areas. Figure 8A shows a summary map of the results of microstimulation that guided the injection placement in case AM13. Eye movements were elicited by stimulation with less than 50 p,A from a range of sites in the rostra1 bank of arcuate sulcus. Although the monkey was anesthetized with ketamine, a gradual change in evoked saccade amplitude was observed as penetrations shifted along the sulcus. Along the inferior limb the eye movements became too small to detect. Increasing the stimulus train duration allowed improved detection of these short saccades somewhat. We are probably underestimating the ventrolateral limit of the excitable zone because we were unable to reliably detect very short saccades (< 5") and because the monkey was anesthetized with ketamine, which is known to disrupt the brainstem neural integrator (Bruce and Russo, 1987; Godaux et al., 1990) . For this reason, one tracer was injected just lateral to the penetration in which evoked saccades could be detected, Figure 8B illustrates the location and size of the tracer injections in case AM 13 in a flattened reconstruction of prearcuate cortex. The ventrolateral injection (right hatch) spanned the boundary between area 45a in the rostra1 bank and area 8Ar on the convexity of the gyrus but did not reach the fundus. Dorsomedially, longer saccades were evoked. At some sites these long saccades were accompanied by pinna movements. At sites further rostra1 along the upper limb of the arcuate sulcus only pinna movements were elicited. Another tracer was injected at the boundary of the zone from which the pinna movements were elicited. This injection (dark shading) was located mainly in area 8Ac in the rostra1 bank but extended into area 8Ar on the medial convexity of the arcuate sulcus. A third tracer was injected in the center of the region from which intermediate amplitude saccades were evoked. This injection (left hatching) was adjacent to the FR injection; it was located primarily in the lateral edge of area 8Ac but also extended slightly into area 45 laterally and area 8Ar rostrally. Unfortunately, both the ventrolateral and the central injections penetrated the superficial layers of the postarcuate gy-
The injections in case AM25 were guided by the surface landmarks of the arcuate sulcus. The resulting injections involved a large part of the rostra1 bank of the arcuate sulcus in this monkey (Fig. 8C) . The ventrolateral injection (right hatching) was restricted to areas 45a and 45b in the rostra1 bank and extended into area 8Ar on the convexity. The dorsomedial injection (left hatching) was in area 8Ac and included some of medial 8Ar. Microstimulation results in case AM55 were not as clear as those in AM 13, but eye movements were evoked within a limited part of the anterior bank of the arcuate sulcus with low intensity stimulation. The two-dimensional reconstruction of frontal cortex for this case is shown in Figure 8D . The ventrolateral injection (right hatching) was centered on the lip of the sulcus in area 45a. In interpreting the data, it is important to note that this injection was the most laterally placed in area 45 of all three cases, but this injection also penetrated the superficial layers of the postarcuate gyrus. The dorsomedial injection (left hatching) extended to the fundus in area 8Ac and included the caudal convexity in 8Ar.
Overview of prearcuate aflerents
Figures 9 and 10 illustrate coronal sections showing the pattern of retrogradely labeled cells observed following tracer injections into medial and lateral prearcuate cortex in cases AM13 and AM.55. Neurons were labeled in many prestriate visual areas by injections in medial and lateral FEF, but various patterns of topographic or differential labeling were observed. Rare labeled cells were observed in V2 and V3, and a somewhat higher density was observed in V4. The highest density of neurons were labeled in the intraparietal sulcus, mesial cortex including the cingulate gyrus, the superior temporal sulcus and the inferior temporal gyrus. The pattern of label will be described for each of these regions in more detail.
Lateral intraparietal area
Consistent with the findings described for the first four monkeys, in every case we studied, LIP projected to both medial and lateral portions of prearcuate cortex, including areas 8Ar and 8Ac medially and areas 45a and 45b laterally. Neurons labeled by FEF injections were observed in supra-and infragranular layers in LIP of every case. Even in sections with high concentrations of neurons labeled by medial and lateral FEF injections fewer than 10% of the cells were double labeled. Figure 11 illustrates the distribution of retrogradely labeled neurons in the lateral bank of the intraparietal sulcus resulting from paired prearcuate injections in case AM13. Neurons labeled from the ventrolateral and central FEF injections were found throughout the rostrocauda1 extent of the architectonically defined LIP area, extending from the approximate midpoint of the intraparietal sulcus caudal to the level of the annectant gyrus. Sparse neurons from both injections were found on the rostra1 convexity, in area 7a. An equally low density of neurons was found in LIPd. By far, the The large degree of overlap in the spatial distribution of the labeled cells may be attributable to the neighboring location of the injections in FEF (Fig. 8) . No neurons were labeled in the intraparietal sulcus by the dorsomedial FG injection that was placed in the upper limb of the arcuate sulcus; we are not sure if this is due to the vicissitudes of the tracer or signifies a real finding because FG-labeled neurons were observed in the superior temporal gyrus (see Figs. 9, 14) . Figure 12 shows the results of paired injections in case AM.55, in which the prearcuate injections were further separated than in case AM13. Labeled cells were found from the level of the annectant gyrus caudally extending rostrally approximately three-fourths the length of the intraparietal sulcus, once again dispersed throughout the architectonically defined LIP A few cells labeled by the injection involving area 8A were found in rostra1 area 7a. In comparison to case AM13, there were more cells labeled in LIPd, wherein neurons labeled by the lateral prearcuate injection were more common rostrally and cells labeled by the centromedial prearcuate injection were more common caudally. The highest density of neurons labeled by both prearcuate injections was in LIPv. Compared to AM13, the spatial distribution of the labeled neurons exhibited somewhat less overlap. As in LIPd, in dorsal LIPv the cells labeled by the lateral area 45a injection were located rostra1 to cells labeled by the central area 8Ac injection, The few neurons found in VIP were labeled mostly by the more medial prearcuate injection.
The distribution of retrogradely labeled cells from prearcuate injections in case AM25 is shown in Figure 13 . The rostrocaudal extent of the labeled neurons covered almost four-fifths the length of the intraparietal sulcus. Label from both injections extended from the lip to the fundus. Unlike the previous two cases, for some reason the labeled neurons were found more frequently in the supragranular layers. In general, the injection involving areas 45a and 45b labeled cells that were located rostra1 to those labeled by the injection into area 8Ac. The rostra1 cells labeled by the lateral prearcuate injection were restricted primarily to LIPv. The caudal cells labeled by the medial prearcuate injection were more concentrated in LIPd but spread into 7a and LIPv; they did not distribute much in area VIP Thus, in this case, the neurons labeled by medial and lateral prearcuate injections were generally more segregated than what was observed in the other two cases.
Mesial cortex
Neurons were consistently labeled on the mesial cortical surface in the parietooccipital (PO) visual area, in the medial dorsal , and large open circles show the location of neurons labeled by the FG injection in medial 8Ac. The dashed line indicates VI, and other cortical areas are labeled as follows: 5, cortical area 5; 7a, area 7a; 7b, area 7b; 23, area 23; DMZ, densely myelinated zone of medial superior temporal visual area; DP, dorsal prelunate area; FST, fundus of superior temporal sulcus visual area; IPa, area IPa; LfPd, dorsal lateral intraparietal area; LIPv, ventral lateral intraparietal area; MDP, medial dorsal parietal area; MST, medial superior temporal visual area; MT, middle temporal visual area; PGa, area PGa; PITd, dorsal posterior inferior temporal area; PO, parietooccipital visual area; S2, second somatosensory area; TAa, area TAa; TE3, area TE3; TEm, area TEm; TEO, area TEO; TF, area TF; TPO, area TPO; Tpr, area Tpt; V2, visual area 2; V3a, visual area V3A; V3d, dorsal visual area 3; V3v, ventral visual area 3; V4, visual area 4; V4t, transitional area V4l; VIP, ventral intraparietal area. parietal (MDP) area, and in area 23 in the cingulate gyrus. The labeled neurons were segregated on the mesial wall and on the pattern of label for case AM13 is shown in Figures 9 and 11. medial bank of the intraparietal sulcus; this segregation correIn caudal cortex (Fig. 9A) , cells in PO were labeled from both sponds to the representation of the upper and lower visual field the injection in areas 8Ac and 8Ar and from the injection in in PO (Colby et al., 1988) . Further rostra1 (Figs. 9B; 11, section dorsomedial area 45a plus 8Ar. The labeled neurons were most 2), neurons labeled by the DY injection in 8Ac were found dorcommonly in the infragranular layers. The two populations of sally in the infragranular layers on the medial wall of parietal Figure 11 cortex in a region corresponding to area MDP Still further rostral neurons labeled from the SAC plus 8Ar injection were found in upper and lower layers of cingulate cortex area 23 (Fig. 9E) .
In case AM55, neurons labeled by the area 8Ac injection but not by the area 45a injection were found in PO (Figs. lOB, 12 ). In this case the labeled neurons in PO were in both supra-and infragranular layers. In cingulate area 23, a large number of neurons in upper and lower layers labeled from 8Ac injection but not the area 45 injection were found in this case (Fig. lOC-E) . However, few neurons were found in area MDP in this monkey. In case AM25, many neurons in PO were labeled by the injection in area 8Ac and 8Ar but not by the injection in 45a and 45b (Fig. 13) . In this case, the neurons labeled in PO were most commonly in the supragranular layers. Sparse neurons labeled from the dorsomedial arcuate injection were found in MDP in this monkey, and many upper and lower layer neurons were labeled in area 23 of cingulate cortex (not shown).
Superior temporal sulcus
The spatial distribution of retrogradely labeled neurons in the superior temporal sulcus of case AM13 is shown in Figure 14 . Neurons labeled by injections in different parts of prearcuate cortex in this case were observed in all identified areas in the superior temporal sulcus. Neurons labeled by the injection in area 45 were found throughout MT but were concentrated rostrolaterally, whereas neurons labeled by the dorsomedially adjacent injection in 8Ac in prearcuate cortex were restricted to the caudal portion of MT Thus, injections into the shorter saccade representation in FEF labeled neurons in the part of MT representing the central visual field, and injections into the longer saccade representation in FEF labeled cells in the peripheral visual field representation of MT (Gattas and Gross, 1981; Van Essen et al., 1981; Desimone and Ungerleider, 1986; Erickson et al., 1989) . The cells labeled in MT in this case were most common in the infragranular layers and in deep layer 3. Neurons labeled by all three injections in prearcuate cortex were found in MST in both supra-and infragranular layers. In the densely myelinated part of MST on the upper bank the cells labeled from injections in 8Ac were most abundant, and these extended beyond the dorsal border of the densely myelinated zone toward the dorsal lip of the sulcus. As shown in the coronal sections, some of this label extended over the superior temporal gyrus and caudal lateral fissure into caudal auditory areas corresponding to area Tpt (Galaburda and Pandya, 1983) or alternatively [.'I 69 8Ac+8Ar A q 45b+45a+8Ar
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areas C and part of PL (Morel et al, 1993) . Scattered neurons labeled by the 45a injection were also observed in MST, being somewhat more concentrated in the lateral portion of MST bordering MT and FST. Moving rostral, neurons labeled from the injection involving area 45a were found in area PITd rostra1 to MT in the lower bank of the sulcus; scattered neurons labeled from the central FEF injection were also seen in this area in upper and lower cortical layers. Neurons labeled by the ventrolateral FEF injection were also dense in FST where they were intermixed with neurons labeled from ventral area 8Ac. Some mixing of neurons labeled by the ventral and central injections was also seen further rostra1 in PGa. Low concentrations of labeled neurons were observed in TEm, TEa, and IPa. Neurons labeled form 8Ac were more common in the upper bank of the superior temporal sulcus, primarily in area TPO but also in TS and TAa. The labeled neurons in the rostra1 superior temporal sulcus were concentrated in the deeper layers but were also found in the upper layers. The distribution of retrogradely labeled neurons in case AM55 is shown in Figure 15 . The pattern of label was somewhat different from that observed in the previous case because of the different relative locations of the injections in prearcuate cortex. In this case, one tracer was injected further ventrolaterally in area 45a as compared to the corresponding injection in case AM13. The dorsomedial injection also was further from the area 45/8a border in AM55 than in AM13. In V4t, neurons were labeled by the ventrolateral but not the medial prearcuate injection. The ventrolateral injection labeled neurons in rostrolateral MT, while the more medial prearcuate injection labeled neurons in caudal and medial MT The cells labeled in MT from FEF were most common in the lower part of layer 3, although labeled neurons were also found in the infragranular layers. In MST, the of cells were labeled by the medial prearcuate injection in XAc, and the neurons were dense in both upper and lower cortical layers. As in the previous case, these labeled neurons extended beyond the densely myelinated zone, over the dorsal lip of the sulcus into area Tpt. In MST, at the fundus bordering MT and FST, a mixture of neurons were labeled by both injections. Approximately equal densities of cells labeled from both injections were intermixed in FST. Neurons from 8Ac were dense in the rostra1 upper bank of the superior temporal sulcus, in areas TS, TAa, TPO, and PGa. Intermixed labeled cells were seen in caudal PGa and IPa. In the lower bank of the superior temporal sulcus neurons were labeled essentially exclusively by the ventrolateral injection, but the cells were restricted to TEa and avoided TEm over the lower lip of the sulcus. The neurons labeled in these rostra1 areas were most dense in the infragranular layers. Figure 16 illustrates the spatial distribution of cells labeled by ventrolateral and dorsomedial injections in prearcuate cortex of case AM25. The general pattern of connectivity of ventrolateral prearcuate cortex to the lower bank of the superior temporal sulcus and dorsomedial prearcuate cortex with the upper bank of the superior temporal sulcus was replicated in this case. Cells labeled from area 45 were found in V4t. In comparison to the other two cases, curiously there was much less label in MT and MST in this case. The labeled cells in MT were found most often in deep layer 3, while those in MST were found in supraand infragranular layers. The cells labeled from 4.5 in MT were found rostrolaterally, and the connected with SAC cells were caudal. In the densely myelinated portion of MST, cells labeled by the ventral injection were scattered, and cells labeled from the dorsomedial injection were concentrated caudally. Unlike in the previous two cases, only a limited cluster of labeled neurons was found in Tpt adjacent to the densely myelinated part of MST. In the part of MST bordering MT and FST a higher density of cells labeled by the ventral tracer was found, as was the case in FST. Intermixed neurons labeled from both injections were found in caudal PGa, adjacent to FST. More rostra1 in PGa, TPO, and TAa, only neurons labeled from 8Ac were found, and these were densest in the infragranular layers. In caudal TPO were scattered labeled cells from the ventrolateral FEF injection. In the ventral bank of the superior temporal sulcus, cells labeled form area 45 predominated with limited mixing of labeled cells in IPa.
The distribution of neurons in the inferior temporal gyrus labeled by paired prearcuate injections in case AM I3 is shown in Figure  14 . A cluster of cells labeled by the centrally located injection in lateral 8Ac and SAr was evident on the convexity between the caudal superior temporal sulcus and the lunate sulcus. Scattered clusters of cells labeled by the ventrolateral injection in 4Sa and 8Ar were found extending from the medial bank of the inferior occipital sulcus through the caudal occipitotemporal sulcus as far rostra1 as the end of the posterior middle temporal sulcus. Cells labeled from the injection in area 8Ac were also observed in the caudal occipitotemporal sulcus. This region is probably area V4, but may include some of V3v. A cluster of neurons labeled from area 8Ac and 8Av was also seen in the posterior middle temporal sulcus, in area TEO. Neurons labeled in these regions were most common in the supragranular layers. Figure I5 illustrates the distribution of labeled neurons in case AMS5. Ventral to the superior temporal sulcus the large majority Continued.
of neurons were labeled by the ventrolateral prearcuate injection. Such cells were observed in V4, TEO, and TE3, and with low incidence in V3v. The much higher density of neurons labeled by the ventrolateral prearcuate injection in this case may be attributed to the fact that the injection was located further ventrolaterally in area 45a as compared to the other two cases. Based on the map of saccade amplitude (Bruce et al., 1985) and of the visual field (Suzuki and Azuma, 1983) in prearcuate cortex, we surmise that the ventrolateral injection in this case was located in a part of FEF representing very short saccades and the perifovea1 visual field. This representation is consistent with the finding of a high number of labeled neurons on the inferior temporal gyrus, near the tip of the inferior temporal sulcus where the central visual field is represented, and in area TE3. These neurons were most common in the supragranular layers but were also found in the deeper layers. The few neurons labeled by the centromedial prearcuate injection in 8Ac were found in the lower bank of the inferior occipital sulcus and in the medial bank of the occipitotemporal sulcus, in the representation of the peripheral visual field. Moving rostra1 into area TE3, the density of neurons labeled from the area 8Ac injection was markedly reduced. The distribution of labeled neurons in the inferior temporal cortex in case AM25 is shown in Figure 16 . The distribution of labeled neurons in this case was comparable to that in case AM13 in having no neurons labeled on the surface of the inferior temporal gyrus. Neurons labeled by the injection in dorsomedial area 4.5a and 45b were located ventral to the inferior occipital sulcus, and were most dense ventral to the posterior middle temporal sulcus, in the lateral bank of the occipitotemporal sulcus. These neurons were most commonly supragranular. As in case AM13, the location of the few neurons labeled by the injection in areas 8Ac plus 8Ar relative to the visual field representation corresponded to the relative difference in saccade amplitude represented in FEE Also as in case AM 13, very few neurons were found in TEm or TE3.
Discussion
Three observations motivated this study. First, the visual system is organized in two processing streams, one involving temporal cortex that is responsible for object vision, and the other involving parietal cortex that is responsible for spatial vision (reviewed by Merigan and Maunsell, 1993) . Some understanding of how these two streams combine for perception and action can be gained by examining their connectivity with frontal cortex and specifically the visuomotor area FEE Second, whereas the acuity and specificity for color and form of central vision guides short-amplitude saccades, longer saccades are guided by the more sensitive visual processing subserved by peripheral retina (e.g., Viviani, 1990; Rayner, 1992) . Third, the final stage of cortical processing before purposive, visually guided saccades occurs in FEF (Bruce and Goldberg, 1985; Segraves and Goldberg, 1987; Schall, 1991b; Dassonville et al., 1992; Segraves, 1992) in which saccade amplitude is mapped with shorter saccades represented ventrolaterally and longer saccades, dorsomedially (Bruce et al., 1985) .
This study is the first direct examination of the topography of visual cortical afferents to FEF using multiple tracer injections in the same monkey, analyzing the distribution of labeled neurons in terms of the most current descriptions of prestriate cortical areas. A number of studies have described the cortical afferents to FEF (reviewed by Leichnetz and Goldberg, 1988) , and the general topographic patterns of connectivity that were found have been indicated in earlier studies comparing results across monkeys (e.g., Barbas and Mesulam, 1981; Huerta et al., 1987; Arikuni et al., 1988; Leichnetz, 1989 Leichnetz, , 1990 Stanton et al., 1993) . By making paired tracer injections in each monkey, we described the convergence and segregation of frontal lobe connections with both posterior parietal and inferotemporal cortex. Morel and Bulher (1987, 1990) and Baizer et al. (1991) described overlapping label in the rostra1 bank of the arcuate sulcus following paired injections in inferior temporal and posterior parietal cortex, but the present study provides significantly more information by analyzing the data with refined architectural criteria and by relating the findings to results from multiple injections in FEE The results are summarized in Figure 17 .
Consistent with earlier work, we found that areas 8Ac, 45a, 45b, and also 8Ar were innervated by V2, V3, and V4 (Barbas, 1988 et al., 1987; Leichnetz and Goldberg, 1988; Leichnetz, 1989, visual field, and that lateral FEF received afferents from the 1990; Krubitzer and Kaas, 1990) , and TEO (Morel and Bullier, central visual field representation of these areas. These data in-1987; Baizer et al., 1991; Distler et al., 1993) . Projections from dicate that visual information specific for local color, form, and MT and TEO were heavy; those from V4 were moderate, and motion converges topographically in FEE The observation that those from V3 and V2 were very light. We consistently observed the innervation of FEF and surrounding cortex by areas V2, V3, that medial FEF was innervated by cells in regions V4, TEO, and V4 was weaker than the innervation by association areas and MT corresponding to the representation of the peripheral such as TEO, MT, or MST suggests that color, form, and motion 1985 , 1990a Leichnetz and Goldberg, 1988 ; Cavada and GoldWe found that LIPv and LIPd projected to most if not all of man- Rakic, 1989; Blatt et al., 1990) . We also observed a rough the rostra1 bank of the arcuate sulcus, including areas 8Ac, 45a, tendency for rostra1 LIPv to project to area 45, and caudal LIPv, and 45b as well as medial and lateral 8Ar, and that LIPv input to area 8Ac. This general topographic relation between FEF and to FEF was much stronger than that from LIW. who reported that caudal LIP is connected to medial 8A and central-rostra1 LIP, to lateral area 8A. This observation suggests the presence of some sort of mapping in LIP related to saccade amplitude. Physiological studies of LIP present variable results. Kurylo and Skavenski (1991) showed that microstimulation of caudal LIP evoked fixed vector saccades, and saccades converging on a particular point were most often evoked by stimulation of rostra1 regions. In contrast, Thier and Andersen (1991) provided preliminary evidence that stimulation of the lateral bank of the intraparietal sulcus elicited only contraversive saccades with fixed vector trajectories, whereas stimulation of the fundus of the intraparietal sulcus evoked convergent saccades accompanied by movements of the face, ears, and shoulders. The visual field representation in the intraparietal sulcus has the central visual field represented dorsally, and the peripheral visual field, ventrally (Blatt et al., 1990) . None of these patterns corresponds very clearly to the observed organization of LIP connections with FEE Further work is needed to resolve the nature of the mapping between FEF and LIP Cortical areas representing the peripheral visual field and polysensory areas projected preferentially to dorsomedial FEE Areas 8Ac and medial 8Ar were innervated by MSTd, PO, TPO, TAa, and area 23, which were heavily labeled, while neurons projecting from areas V3A, MDP, DP, and 7a were lightly labeled. Many of these projections to FEF have been observed (Leichnetz, 1980; Barbas and Mesulam, 1981; Petrides and Pandya, 1984; Huerta et al., 1987; Barbas, 1988; Colby et al., 1988; Leichnetz and Goldberg, 1988; Leichnetz, 1989; Seltzer and Pandya, 1989; Andersen et al., 1990a; Boussaoud et al., 1990) . However, projections from MDP and area 23 to FEF have not been reported before. The role in gaze control of the visual information conveyed by these different areas is not known. Recent evidence indicates that neurons in area 23 respond best to large visual stimuli and postsaccadically in association with long saccades (Musil et al., 1991 (Musil et al., , 1992 .
The preferential projection of MSTd to the long saccade representation of FEF may be involved in the mutual interaction of gaze control and heading during locomotion (e.g., Warren et al., 1988; Royden et al., 1992) because neurons in MSTd respond to large optic flow stimuli (e.g, Duffy and Wurtz, 1991) . Areas TAa and TPO in the dorsal bank of the superior temporal sulcus correspond to the superior temporal polysensory area in which neurons respond to large, moving visual stimuli (Bruce et al., 1981; Baylis et al., 1987) . Activity related to visually guided saccades has been recorded in the dorsal bank of the superior temporal sulcus (Colby and Miller, 1986 ).
An auditory area in the caudal superior temporal gyrus projected to dorsomedial but not ventrolateral FEF as observed before (Petrides and Pandya, 1988) . Cells in this region were labeled by an injection into a zone in medial prearcuate cortex from which pinna movements were evoked by microstimulation. Neurons in this auditory area respond to localized acoustic stimuli as well as to tactile stimuli around the pinna (Leinonen et al., 1980) . Thus, responses of neurons in the upper limb of the arcuate to acoustic stimuli (Azuma and Suzuki, 1984; Vaadia et al., 1986; Schall, 1991b ) may originate in this projection. The part of FEF that generates longer saccades, thus receives information from the peripheral visual field as well as acoustic and possibly tactile inputs. Long gaze shifts including both eye and head rotation are commonly made to orient to peripheral visual or acoustic stimuli.
Visual areas TEa, TE3, TEm, and TF in caudal inferotemporal cortex that have overrepresentations of the central visual field projected preferentially to ventrolateral FEE areas 45a, 45b, and lateral 8Ar. This observation is consistent with earlier studies (e.g., Barbas and Mesulam, 1981; Morel and Bullier, 1987; Weller and Kaas, 1987; Ungerleider et al., 1989; De Lima et al., 1990; Baizer et al., 1991) . We found that the temporal lobe connections were largely limited to areas 45a and 45b in FEE providing new evidence for the functional distinction between medial and lateral FEE Neurons in caudal inferotemporal cortex are selective mainly for primary stimulus features such as color or orientation; neurons selective for more elaborate objects including faces are found in rostra1 inferotemporal cortex (Tanaka et al., 1991) . This routing of feature but not complex object information directly to FEF is consistent with the common finding that eye movements are directed to features of objects such as vertices or endpoints (Yarbus, 1967; Kaufman and Richards, 1969; Keating and Keating, 1993) . We also noted an absence of temporal lobe afferents from the supplementary eye field, a second region in frontal cortex involved in saccade production (Schlag and Schlag-Rey, 1987; Schall, 1991a) . The absence of connections of supplementary eye field with cortical areas involved in object vision is consistent with hypotheses that the two eye fields in frontal cortex play different roles in saccade generation (Schall, 1991a) .
Areas MSTl, FST, PITd, IPa, PGa, V4t, and VIP that are not exclusively visual or not retinotopically organized projected to FEE Most of these connections have been described before (Barbas and Mesulam, 1981; Huerta et al., 1987; Leichnetz and Goldberg, 1988; Boussaoud et al., 1990) . Our data indicated that the afferents from these areas are weakly if at all topographically mapped in FEE Also, connections between FEF and V4t or the newly defined PITd (Boussaoud et al., 1991; Distler et al., 1993) have not been described before. It should be noted that areas IPa and PGa in the fundus of the rostra1 superior temporal sulcus are distinguished by being one of the few zones connected with both posterior parietal and inferior temporal cortical areas (Morel and Bullier, 1990; Baizer et al., 1991) . Neurons in areas IPa and PGa are activated by acoustic, tactile as well as visual stimuli, but they exhibit little stimulus specificity (Baylis et al.,
